Background: Although neoadjuvant chemoradiotherapy (CRT) has become a standard procedure to downstage locally advanced rectal cancer prior to surgery, markers to predict the response to CRT have not been fully identified. The aim of this study was to identify predictive factors of response to CRT, especially focusing on peripheral blood leukocyte subsets.
Background
In the recent years, combined chemoradiotherapy (CRT) followed by total mesorectal excision has become the standard treatment for patients with locally advanced rectal cancer. Tumor downstaging with preoperative CRT increases the curative resection rate and lowers the local recurrence rate [1] [2] [3] . However, it is now evident that the preoperative CRT is not equally effective for all rectal cancer patients. Whereas some patients show an important regression with no detectable cancer cells in the primary tumor location or in lymph nodes in the surgical specimens, others have only a minimal response to CRT [4] [5] [6] .
Although clinical factors such as gender, age or clinical TNM stage had little association with CRT response [7] , many molecular predictors of tumor response to CRT have been determined, such as p53 [8] , epithelial growth factor receptor (EGFR) [9, 10] , Ki-67 [11] and p21 [9] . We have also reported Ku70, Ku86, P16 and telomerase reverse transcriptase as promising biomarkers in predicting the radiosensitivity of rectal cancer [7, 12, 13] . Furthermore, we recently reported that the gene expression profiles of rectal cancer determined by DNA microarray analysis were correlated with the histological regression [14] . All these approaches are based on the idea that the chemoradiosensitivity of rectal cancer is closely associated with the direct cytotoxic effect of radiation by inducing DNA damage or apoptosis of cancer cells. However, growing evidence indicates the possibility that the tumor shrinkage of rectal cancer depends not only on the radiocytotoxity to cancer cells, but also on the tumor microenvironment and host immune response [15, 16] . Recently we reported that both the density of tumorinfiltrating lymphocytes and those circulating in peripheral blood strongly correlate with the response rate of CRT in retrospective studies [17] [18] [19] and demonstrated the involvement of antitumor immunity in the cancer regression process induced by CRT.
In the present prospective study with new series of patients, we aimed to elucidate which subset of circulating lymphocytes most reflects the immune response evoked during CRT in patients with rectal cancer and analyze their predictive ability for the response to CRT.
Methods

Patients
A total of 45 consecutive patients diagnosed with primary rectal cancer of clinical T3-4 and M0 stage at the Department of Surgical Oncology, the University of Tokyo Hospital between January 2010 and June 2012 were prospectively enrolled in the study. The study protocol was approved by the local ethics committee (Research ethics committee, Graduate school of medicine and Faculty of medicine, The University of Tokyo), and written informed consent was obtained from all patients. All patients enrolled in the study received a total dose of 50.4 Gy of radiation and concomitant 5-FU based chemotherapy, and they underwent standardized curative resection, following an interval of 6-8 weeks after CRT. Barium enema (BE) was performed before and after CRT, and the longitudinal dimension of the rectal tumor was measured on BE images before (A) and after (B) CRT. The reduction rate was calculated as (A-B)/A, as described by Suzuki et al. [20, 21] .
Pathological study
All of the resected specimens were examined pathologically, and the findings were recorded in accordance with the TMN classification. The histological regression of the primary rectal lesion in response to CRT was evaluated and classified as high or low, based on the amount of residual cancer according to the Japanese Classification of Colorectal Carcinoma, i.e., cases in which more than two-thirds of the cancer had degraded, necrotized or disappeared were classified as cases of high histological regression (Hi-R), and those with less than two-thirds reduction were classified as low histological regression (Lo-R).
Blood sampling and analysis of leukocyte phenotypes
Peripheral venous blood samples were obtained before neoadjuvant CRT and 4-6 weeks after completion of CRT, prior to surgery. Samples were collected in ethylene diamine tetra-acetic acid collection tubes, and the blood cell counts in the samples were analyzed using an automated hematology analyzer (XE-5000, Sysmex, Japan). Lymphocyte subsets were also analyzed using flow cytometry, as described previously, with small modifications [22] . Briefly, whole blood was treated with FACS Lysing Solution (Becton Dickinson) to lyse red cells and fix leukocytes with 1% formaldehyde. Then, leukocytes were incubated with 10 μl of each antibody for 20 min at room temperature and analyzed in the flow cytometer. The region of lymphocytes was gated, and two-color flow-cytometric analysis for each cell phenotype on 10,000 events was performed on the FACSCalibur flow cytometer (Becton Dickinson) using the Multiset software package (Becton Dickinson), and the data were analyzed using the CellQuest software. A combination of isothiocyanate (FITC) and phycoerythrin (PE)-conjugated monoclonal antibody (Becton Dickinson, San Jose, CA, USA) was used to identify lymphocyte subsets, as follows: CD3(+)/CD19(−) for the T lymphocytes, CD3(−)/CD19(+) for the B lymphocytes, CD3 (+)/CD4(+) for the helper T lymphocytes (Th lymphocytes), CD3(+)/CD8(+) for the cytotoxic T lymphocytes (Tc lymphocytes) and CD3(−)/CD56(+) for the natural killer cells (Table 1) .
Statistical analysis
The analysis of the associations between blood cell counts or numbers of lymphocyte subsets and clinicopathological variables was carried out using the MannWhitney U test. Association between the numbers of lymphocytes and tumor regression rate evaluated by barium enema was analyzed using the coefficient of correlation. Multivariate analysis with a logistic regression model was used in analyzing the independency of the predictors for CRT response. All analyses were performed with JMP 9 software, and p-values < 0.05 were considered to be statistically significant. 
Results
Patients' characteristics are summarized in Table 2 . The 45 patients were divided into two groups according to the pathological response, i.e., Lo-R (28 cases, 62.2%) and Hi-R (17 cases, 37.8%), and the 8 cases of pathological CR were included in the Hi-R group. The correlation between the pre-or post-CRT number of leukocyte subpopulations and the pathological response is presented in Table 3 . Cases of Hi-R had significantly higher numbers of pre-CRT lymphocytes compared to the Lo-R, whereas in the analysis of post-CRT peripheral blood leukocytes, any subpopulation of leukocytes correlated with the pathological response. Therefore, we focused on the pre-CRT lymphocyte subsets and analyzed their correlation with the response to CRT. As shown in Figure 1A , the number of T lymphocytes and Th lymphocytes in Hi-R group was markedly higher than that in the Lo-R group (p = 0.009 and p = 0.015, respectively). Although without statistical significance (p = 0.056), the number of Tc lymphocytes also showed the same tendency. As expected from the results of the blood cell count, no difference between the Lo-R and Hi-R groups was observed for any lymphocyte subsets post-CRT ( Figure 1B ). Similar results were obtained in the analysis of the correlation between the number of lymphocytes and tumor reduction rate evaluated by BE ( Figure 2 ). The pre-CRT total number of T lymphocytes ( Figure 2A ) and Th lymphocytes ( Figure 2B ) significantly correlated with the tumor reduction rate (p = 0.049 and p = 0.042, respectively), whereas the pre-CRT number of Tc lymphocytes ( Figure 2C ) and post-CRT lymphocyte subsets (data not shown) showed no correlation. The higher the number of pre-CRT lymphocytes, the higher the tumor regression achieved was. Figure 3 represents the receiver-operating characteristic (ROC) curve for numbers of pre-CRT T lymphocytes, Th and Tc lymphocytes in predicting the pathological response in the Hi-Response group. The area under the curve (AUC) was 0.733, 0.718 and 0.671, respectively. The optimal cutoff value of T lymphocytes was 1,196/μl, with 76.5% sensitivity, 67.8% specificity, 59.1% positive predictive value (PPV) and 82.6% negative predictive value (NPV). The cutoff value of Th lymphocytes was 683/μl, with 71.4% sensitivity, 76.5% specificity, 61.9% PPV and 83.3% NPV. The cutoff value of Tc lymphocytes was 367/μl, with 53.6% sensitivity, 88.2% specificity, 53.6% PPV and 88.2% NPV. Based on these cutoff values, each lymphocyte subset was divided into two groups, namely lower and higher, and multivariate analysis of each factor in predicting CRT response was performed.
As shown in Table 4 , none of the pre-CRT clinical factors showed a correlation with the CRT response, whereas high pre-CRT Th and Tc lymphocytes were independent predictive factors of a good response to therapy. We evaluated the association between lymphocyte subsets and the clinicopathological variables of the resected specimens. However, as presented in Table 5 , both pre-and post-CRT lymphocyte subsets showed almost no correlation with the clinicopathological factors. Although the post-CRT number of B lymphocytes was higher in males than females (p = 0.026), and the number of natural killer cells in both pre-and post-CRT was higher in the cases with venous invasion (p = 0.024 and p = 0.018, respectively), these subsets account for only a small proportion of lymphocytes; thus, the clinical impact of these findings remains to be elucidated. The reductions in the number of T lymphocytes, Th and Tc lymphocytes during CRT are also shown in Figure 4 . A significantly higher reduction in the number of T, Th and Tc lymphocytes during CRT was observed in the T0-2 than in the T3/4 group (p = 0.022, p = 0.034 and p = 0.026, respectively).
Discussion
In recent years, CRT has become one of the standard therapeutic modalities for the treatment of rectal cancer. Although CRT for rectal cancer has been shown to reduce postoperative local recurrence, it is now evident that preoperative CRT is not equally effective for all rectal cancer patients. If tumor response could be predicted before surgery, CRT-related toxicity and expense could be avoided for patients with resistant tumors, and/or more aggressive preoperative regimens could be considered for those patients. Therefore, a number of trials have been conducted to identify a useful marker for the prediction of the response to CRT [7] [8] [9] [10] [11] [12] [13] [14] . Although most of the biomarkers identified so far are factors related to the radio-resistance of cancer cells themselves, in recent years, it has been elucidated that the immunological host response is also essential for tumor regression in CRT. Experimental T cell elimination remarkably reduced the therapeutic efficacy of radiation in a mouse model [23] , and we have previously demonstrated that the densities of CD4(+) and CD8(+) tumor-infiltrating lymphocytes (TIL) were significantly associated with the histological grade after CRT, and the density of CD8(+) TIL was an independent prognostic factor for achieving CR after CRT [19] . Recently, we reported that a high pre-CRT lymphocyte count in the peripheral blood of rectal cancer patients was significantly associated with pathological response [18] . A similar result was also reported from Korea [24] , but the subset of circulating lymphocytes mostly involved in the antitumor immunity evoked during CRT remains to be elucidated. Therefore, in this prospective study, we aimed to clarify whether circulating lymphocytes could reflect local immunological response and, if so, to identify the subset of lymphocytes mostly involved, which might be used as a potential predictor of the pathological CRT response. Initially, we evaluated the association between peripheral blood leukocyte counts and the pathological response. Patients with high response showed a significantly higher pre-CRT number of circulating lymphocytes than those with low response, corroborating the results of previous reports [18, 24] . Because the lymphocyte population assessed by the hematology analyzer contains several subsets, further analysis of lymphocyte subsets using flow cytometry was conducted. Pre-CRT circulating T lymphocytes and Th lymphocytes, but not B lymphocytes, showed a significant correlation with the pathological response and the tumor regression rate, and a high T lymphocyte or Th lymphocyte count correlated with a larger tumor reduction. Both T and B lymphocytes significantly decreased during CRT, and the post-CRT lymphocyte subsets did not differ between the high-and low-response groups. A number of precedent studies have documented the participation of T lymphocytes, but not B lymphocytes, in the radiation-induced antitumor immunity [16, 25] , and our present results were also concordant. The AUC of pre-CRT T lymphocytes in predicting the low-response group was as high as 0.733, and in multivariate analysis, the numbers of Th lymphocytes and Tc lymphocytes were independent predictors of response to CRT. Because the negative predictive values of each lymphocyte subset in predicting good response were higher than 80%, lymphocytes subsets should be a promising marker for the screening of CRT-resistant patients prior to CRT, thus avoiding unnecessary CRT. Some of the previously reported predictive factors of the CRT effect were based on the analysis of the surgically resected specimens; thus, their value as a predictive marker of CRT is low. For their analysis, biopsy specimens are necessary, which hold two problems: first, the findings obtained from post-CRT resected specimens may be affected by the CRT, not reflecting the primary nature of the tumor; second, the biopsy samples do not necessarily represent the whole cancer tissue because of the heterogeneity of cancer. In this respect, peripheral blood lymphocytes, which are easily obtained through the collection of a small amount of blood and represent the systemic immunologic condition, might have an advantage over these previously reported markers.
The correlation between lymphocytes in peripheral blood and tumor-infiltrating lymphocytes (TIL) has not been fully investigated. Milne et al. have reported that the lymphocyte count in peripheral blood did not correlate with CD8 (+) or CD20 (+) TIL in patients with ovarian cancer, and both lymphocyte count and TIL significantly correlated with prognosis, but the correlations were independent of each other [26] . Therefore, the role of circulating lymphocytes in antitumor immunity remains to be clarified; however, a number of reports Figure 3 The receiver-operating characteristic (ROC) curve for the numbers of pre-CRT T lymphocytes (A), Th lymphocytes (B) and Tc lymphocytes (C) in predicting the pathological high response group. The X-axis represents "1-sensitivity" and the Y-axis, the sensitivity. The areas under the curve for each ROC curve are shown. have documented the association of a high peripheral lymphocyte count and favorable prognosis in patients with various types of malignancies including uterine, cervix, breast and nasopharyngeal carcinoma [27, 28] . Our prospective study advanced these precedent findings in raising the following issues. First, peripheral lymphocytes seem to play a crucial role not only in treatment-naïve cancer tissue, but also in the CRT-mediated systemic anticancer immunological response. Second, among the various lymphocyte subsets, T lymphocytes, especially Th lymphocytes, seem to play a central role in the immunological response.
We also evaluated the association between the clinicopathological factors and the pre-and post-CRT peripheral lymphocyte subset counts. Contrary to the analysis of pathological regression, neither pre-nor post-CRT lymphocyte subsets showed a correlation with the clinicopathological factors. Interestingly, in cases with pathological T0-2, i.e., those with tumor downstaging, the higher reduction of T lymphocytes and Tc lymphocytes was induced by CRT. We previously reported that in vitro radiation-induced apoptosis of peripheral blood lymphocytes is correlated with histological regression of preoperative CRT [29] , and the present finding of the correlation between the clinical reduction of lymphocytes induced by CRT and the downstaging of T factor strongly supports our previous finding. Several problems, however, still remain to be addressed in our present study. Pathological regression strongly correlated with pre-CRT Th, but not Tc lymphocyte counts. In contrast, downstaging of the T factor correlated with post-CRT, but not with pre-CRT, Tc or Th lymphocyte counts. Cancer cells undergo apoptosis by the direct cytotoxic effect of radiation or chemotherapy, and consequently release cancer-specific antigens. These released antigens are phagocytized by antigen-presenting cells, such as macrophages or dendritic cells, resulting in induction of tumor-specific Th and Tc lymphocyte responses [30] [31] [32] . Furthermore, irradiated tissue releases various chemoattractant factors, such as CCL11 or CXCL16 [33, 34] , and promotes infiltration of lymphocytes into the cancer tissue. A more detailed role of peripheral Th and Tc lymphocytes in these processes should be clarified in further investigations. Another problem is that the observation period of this study was relatively short, and there were only a few patients with postoperative recurrence; thus, the effect of lymphocytes on prognosis is still unclear. Further investigation with a larger number of patients and longer follow-up period is desired.
Conclusions
Both systemic and local immunity may play important roles in antitumor immunity, and from our present data, the analysis of the systemic one may efficiently predict the response to neoadjuvant CRT. The circulating T lymphocyte and Th lymphocyte counts would be promising markers for the prediction of response to CRT.
Consent
Patient consent was obtained for the study presented in the manuscript. Figure 4 The correlations between the reductions in numbers of lymphocyte subsets during CRT and pathological T factor of the resected specimens. Shaded bars represent the reduction in numbers of each lymphocyte subset in the T0-2 cases and blank bars in the T3/4 cases. Data are expressed as mean ± SD of results. *Statistical significance.
